Anthropogenic disturbance is a major cause of the biodiversity crisis. Nevertheless, the role of anthropogenic substrate vibrations in disrupting animal behavior is poorly understood. Amphibians comprise the terrestrial vertebrates most sensitive to vibrations, and since communication is crucial to their survival and reproduction, they are a suitable model for investigating this timely subject. Playback tests were used to assess the effects of substrate vibrations produced by two sources of anthropogenic activity-road traffic and wind turbines-on the calling activity of a naïve population of terrestrial toads. In their natural habitat, a buried tactile sound transducer was used to emit simulated traffic and wind turbine vibrations, and changes in the toads' acoustic responses were analyzed by measuring parameters important for reproductive success: call rate, call duration and dominant frequency. Our results showed a significant call rate reduction by males of Alytes obstetricans in response to both seismic sources, whereas other parameters remained stable. Since females of several species prefer males with higher call rates, our results suggest that anthropogenically derived substrate-borne vibrations could reduce individual reproductive success. Our study demonstrates a clear negative effect of anthropogenic vibrations on anuran communication, and the urgent need for further investigation in this area.
or wind turbines 25, 26 , and these anthropogenic vibrations could be sources of mechanical disturbance for animals, but this field is still in its infancy.
Among terrestrial vertebrates, amphibians are the most sensitive to vibrations, and therefore they are a suitable model for assessing potential impacts of human-induced substrate vibrations. The capacity to detect seismic cues is linked to the amphibian inner ear, which comprises three organs known to detect airborne sounds and substrate-borne vibrations: the amphibian papilla, the basilar papilla and the sacculus [27] [28] [29] [30] . Despite their seismic sensitivity, vibrational perception and signaling has only been reported for a few species and in limited contexts 22 , e.g. intra-specific signaling [31] [32] [33] , prey detection 34 , predator avoidance [35] [36] [37] , and detection of environmental cues 38, 39 .
Variations in acoustic parameters of the advertisement call, the most commonly emitted call by anuran males, have been linked to species recognition, sexual selection and female choice, which directly affects male reproductive success [40] [41] [42] [43] [44] [45] . Hence, changes in calling activity can significantly impact individual fitness and thus species conservation.
Understanding how anthropogenic substrate-borne vibrations may affect animal communication, which directly mediates species reproduction, could help to inform future conservation strategies. To answer the question of the potential effect of anthropogenic ground-borne vibration disturbance on animals, we performed a series of playback tests using two common human-generated activities (road traffic and wind turbine vibrations) to examine behavioral changes in the calling activity of the midwife toad, A. obstetricans. The evidence gathered for anurans so far is limited. For instance, species exposed to airborne anthropogenic noise decreased or increased different temporal calling parameters (call rate, call duration) or/and spectral parameters (dominant frequency) 9 . On the other hand, species exposed to rain increased call rate, but the opposite occurred when they were exposed to other natural vibrations such as wind 39 . For the purposes of this study, we hypothesize that human-derived substrate-borne vibrations would exert a negative effect on toad calling activity, i.e., altering the parameters of its calling behavior.
Results
A total of 26 males of A. obstetricans were exposed to vibratory playback stimuli during calling activity. During the playback tests, eight toads showed avoidance behavior between the first and fourth treatment, ceasing calling activity and abandoning their calling site. These animals were excluded from subsequent analyses.
Call parameters. The calling activity of the common midwife toad was affected by anthropogenic seismic vibrations ( Table 1 ; Fig. 1a ). When focal males were exposed to vibratory stimuli, call rate significantly decreased, as shown by the full-null model comparison (n = 18, likelihood-ratio test: x 2 = 24.5, df = 4, p < 0.005; Table 2 ). Call rate was especially influenced by the recorded traffic and wind turbine stimuli, which caused a mean reduction of 15 and 17.5 calls per min, respectively, while call rate decreased on average by 8 calls per min in response to synthetic stimuli (Table 1 ; Fig. 1a ). Overall, during the no-stimulus periods, calling activity reached maximum rates, up to twice as high as during the original anthropogenic stimuli (Table 1) .
In contrast, call duration and dominant frequency remained unaltered during exposure to no-stimulus, synthetic and anthropogenic stimuli (n = 17, likelihood-ratio test: x 2 = 0.28, df = 4, p = 0.99; x 2 = 2.29, df = 4, p = 0.68, respectively; Table 1 ; Fig. 1b ,c). Moreover, baseline acoustic behavior from pre-and post-stimuli periods of the whole experiment showed no differences in any acoustic parameter (likelihood-ratio test: for call rate, x 2 = 0.02, df = 1, p = 0.88; for call duration: x 2 = 0.27, df = 1, p = 0.60, for dominant frequency: x 2 = 2.11, df = 1, p = 0.15). According to the first GLMM, air temperature did not influence call rate during the playback tests (likelihood-ratio test: x 2 = 1.93, df = 1, p = 0.16, in all cases).
Power threshold.
When focal males were exposed to vibratory stimuli, the power threshold necessary to induce a change of calling behavior was different for each stimulus, as shown by the full-null model comparison (n = 15, likelihood-ratio test: x 2 = 25.46, df = 3, p < 0.005; Table 3 ). The power threshold at the time when males showed a behavioral change in call rate during original noise was higher for traffic than wind farm (Table 1 ; Fig. 1d ), but with a wide range of individual variation. Regarding synthetic stimuli, toads seem to exhibit a higher Table 1 . Call parameter variations of the advertisement call emitted by males of midwife toad submitted to traffic and wind turbine vibrations stimuli. Data is given by Mean ± Standard deviation (Range). Synthetic T: synthetic traffic. Synthetic WT: synthetic wind turbine.
tolerance to the synthetic wind turbine stimulus, with a spectral peak at 100 Hz compared to that of traffic vibration noise with a spectral peak of 10 Hz (Table 1 ; Fig. 1d ), but again with a wide range of individual variation. In other words, after initiating the playback stimuli, the animals continued calling for longer times (and thus exhibited higher thresholds) in response to the synthetic wind turbine stimulus.
Discussion
Studies have shown that anthropogenic airborne noise affects acoustic communication e.g. 11, [46] [47] [48] [49] , but to our knowledge this is the first study to demonstrate the effect of anthropogenic ground-borne vibrations on calling activity of a vertebrate. Playback experiments revealed that anthropogenic vibratory stimuli caused a strong reduction on the calling activity in focal males, decreasing their mean call rate by 50%. Both traffic and wind turbine vibrations had similar impact on calling activity. The comparison of the pre-recorded and synthetic stimuli indicates that the observed responses were triggered by the entire spectrum of the vibrations, rather than by its peak frequency alone. Additionally, the sound power threshold for animals to change their baseline calling activity was lower with playback of naturally recorded wind turbines than with traffic, whereas synthetic traffic stimuli, (spectral peak: 10 Hz) induced a call-rate change at a lower threshold than synthetic wind-turbine playbacks (spectral peak: 100 Hz). Table 2 . Estimated regression coefficients, standard errors, and confidence intervals for GLMM of call rate in response to vibratory playback stimuli. CL: confidence limit. Synthetic T: synthetic traffic. Synthetic WT: synthetic wind turbine. No-stimulus was the reference category and air temperature was z-transformed. Table 3 . Estimated regression coefficients, standard errors, and confidence intervals for GLMM of threshold in response to vibratory playback stimuli. CL: confidence limit. Synthetic WT: synthetic wind turbine. Synthetic Traffic was the reference category and air temperature was z-transformed.
Studies assessing effects of anthropogenic airborne noise on frogs have shown that species coping with this noise use a variety of mechanisms, including short-term adjustment of signal amplitude, timing, duration or even frequencies of their call 9, 10 . However, all these reports focused on airborne transmission of signals. In the present study, we found that whereas call duration and frequency were immune to ground-borne vibrations produced by anthropogenic activity, call rate decreased with induced vibrations. Calling activity reached its maximum during no-stimulus, decreased during synthetic emission and decreased further during playback of actual recordings of traffic and wind turbine vibrations.
It is unknown if the studied species, A. obstetricans, emit any vibrational signal together with airborne sound as has been described for other anurans 30, 33 . However, should this be the case, toads could be susceptible to a substrate-borne masking signal by the vibration noise of the road and wind turbine 50 . A few studies have suggested that anurans may discriminate between different types of vibrational stimuli 35, 39 , but it is unknown if midwife toads use this channel for communication.
It is known that two of three sensors in the anuran inner ear are involved in detecting exquisitely low-level substrate-borne vibrations (sensu 18, 28, 51, 52 ): the amphibian papilla and the sacculus, the latter believed to detect environmental cues 30, 34, 38 .
Anuran auditory neurons exhibit a clear frequency selectivity that has been characterized in a wide number of frog species by neural tuning curves, or frequency-threshold curves 53, 54 . A study tested the sensitivity of the torus semicircularis auditory midbrain of A. obstetricans to frequencies from 100-5000 Hz. The results showed regions of high sensitivity in the low-frequency range, between approximately 100-500 Hz and, in the high-frequency range, between approximately 1200-2400 Hz. The best thresholds in the lower frequency range reached values of approximately 40 dB SPL, occurring at the lowest audio frequency tested (100 Hz), whereas those in the high-frequency range were between 40 and 50 dB SPL; sensitivity to frequencies below 100 Hz have not been tested in this species 55, 56 . Thus, A. obstetricans is highly sensitive to very low frequencies, which could explain why the toads decreased calling activity even when their call frequency did not overlap with the noise signal emitted.
Several hypotheses could explain the results found on this study. For example, previous studies with anthropogenic airborne noise, demonstrated that several frog species decreased call rate in response to high levels of interfering noise 11, 57 . We found that A. obstetricans reduced its call rate during playback of seismic noise, however during the last no-stimulus period of the playback experiment, the animals returned to the base line, pre-stimulus rate. This suggests animals could be adjusting signaling during low-noise periods, which is consistent with noise-avoidance behavior found in airborne sound studies with anurans 11, 57 and other taxa 58, 59 .
A previous study mentioned here, reported that frogs apparently discerned between wind and rain seismic cues in the water 39 . Another study showed that two Iberian toad species were able to respond to rainfall-induced vibrations in the soil by emerging to the surface, suggesting that detection of abiotic seismic events might, indeed, be biologically relevant for this group 38 . It is known that call activity not only attracts mates, but also predators, so some anuran species call in choruses or reduce calling to reduce predation risk [60] [61] [62] [63] [64] . From a prey perspective, substrate vibrations can signal imminent predation danger, but unlike chemical cues that indicate a general, ongoing level of risk or predator presence in the environment, vibrations indicate current activity of an individual predator. In this sense, the midwife toads could be perceiving the unknown vibration cue as a predator approach and reducing calling activity could reduce the risk. For instance, a study found that vibrational cues alone could elicit substantial levels of early hatching in Agalychnis callidryas anticipating a predator attack 35 . The midwife toad's response of reducing signaling during playback emissions could be related to the association of this interference to a predator. Noise sources that are novel or unpredictable as well as similar to a biologically relevant sound are predicted to elicit responses similar to those associated with predation risk 65 . Hence, reducing or ceasing calling could lower the chances of being located by the predator.
The results from this work could be also related to multimodal interactions among different sensory channels in the frogs. Some species have been shown to respond differently when exposed to multimodal stimuli (e.g. 39 ) , showing that these animals are not only sensitive to different channels 31 , but also that the interaction between the channels may affect their behavioral response. Furthermore, a given unimodal stimulus presented to the animals may be ineffective compared to a multimodal stimulus 66 .
Regardless of the cause, a reduction in calling rate may have consequences. Several authors have argued that, in addition to ecological impacts of roads, elevated airborne noise levels also impair the ability of animals to effectively communicate during breeding, thereby impacting reproductive success [67] [68] [69] . Reproduction usually depends on a female frog's ability to respond correctly to the advertisement signals of a conspecific male 70 . Therefore, sound localization has obvious fitness consequences for anurans (reviewed in [71] [72] [73] ). Female anurans exhibit phonotaxis towards male choruses 73 , and noise may impair an individual ability to detect and respond to biologically critical information 74 , affecting mate attraction 69 . It is not known if males of A. obstetricans emit seismic signals, or if female choice would be affected by these, but it is known that the female auditory system in this species is highly sensitive to frequencies as low as 100 Hz 55 . Hence, substrate vibrations may represent a source of environmental acoustic information for females. Moreover, it is well known that calling effort is significantly related to female choice in anurans. Females often prefer males with higher call rates 40, 42, 75 . The same pattern was observed for A. obstetricans 45 , which suggests a decrease in call rate could affect female choice and consequently mating success.
Methods
Theoretical background. In this work we consider that mechanical waves are divided into acoustic waves (purely longitudinal waves in a homogeneous medium, as air, liquid or solid, in which particle motion is in the same direction as energy flow) and surface-borne waves (that occur at boundaries between different media, where energy is transferred from one medium to the other, and in which substrate particles oscillate in a plane perpendicular to the direction of energy flow (e.g. 17 ). The focus of this study-vibrations caused by anthropogenic www.nature.com/scientificreports www.nature.com/scientificreports/ sources-are surface-borne vibrations of the Rayleigh wave type (with particle motion in the vertical direction, perpendicular to the direction of energy flow 17, 21, 76 ) . We have also used the terms ground-borne vibration or seismic vibration, which refer to the waves carried in soil or sand 21 .
Study area and species. Playback tests were conducted in Lago de la Cueva (43°3′N, 6°6′W, 1550 m.a.s.l.) in Somiedo Natural Park, Asturias, Spain. Male midwife toads (A. obstetricans) call from the ground below rocks or in holes 77, 78 . Their simple advertisement calls have been described 79, 80 . Experiments took place from 12-25 June 2017, during the breeding season, during clear sky nights (Temp 13.6-25.6 °C).
Vibratory stimuli.
We constructed a set of five playback vibratory stimuli (Fig. 2) : (i) road traffic, (ii) a wind turbine, (iii) a synthetic imitation of road traffic (iv) a synthetic imitation of a wind turbine, and (v) no-stimulus (control). Three different copies of the original stimuli of road traffic and wind turbine were prepared to provide replicates of the playback stimuli. Synthetic imitations of original vibrations were used to control the acoustic properties of the stimuli, in order to test behavioral responses to particular spectral components of anthropogenic vibrations. The no-stimulus period was used as control to account for absence of anthropogenic vibrations. Each experiment consisted, therefore, of a total of nine playback conditions. None of the focal animals had been previously exposed to any of the playback stimuli.
Playback stimuli of traffic road and wind turbine vibrations were recorded on 7 June, 2017 at Fuencarral-El Pardo road (40°30′16.01 N, 3°45′06.62 W, 663 m.a.s.l., Madrid) and on 9 June, 2017 at Canredondo, (40°48′11 N, 2°32′22 W, 1210 m.a.s.l., Castilla-La Mancha), respectively. The maximum speed limit on this two-lane road was 60 km/h and during recordings the car flow was ca. 5 cars/min. The wind turbine had three 83-m blades (Gamesa G83/2000) and was operating with a wind speed of 10-12 km/h on the recording day. In each location we recorded for approximately 1 hour. For the recordings, we used a geophone (OYO-One, Oyo-Geospace), placed 4 m from the source (either the roadside or the wind turbine), connected to a custom-built amplifier, which fed Recordings of the two vibrational signals were edited in a laptop computer (MacBook Pro Intel Core i7) using Audacity 2.1.1 audio edition. Segments of 5-10 s judged to have spectra representative of each noise type were selected and pasted to create noise segments up to 120 s in duration. To create synthetic imitations, FFTs of the traffic and wind turbine vibration recordings were calculated (1,024 Audacity 2.0.2 and Raven Pro 2.5 software; Fig. 2a-d) . The frequency content of the traffic and wind turbine stimuli ranged from near 0 Hz to 500 Hz, with peak frequencies at 10 Hz and 100 Hz, respectively, in accord with previous literature 26 . Thus, we constructed two synthetic stimuli by generating a single sinusoid at the dominant frequency of each vibratory source (10 Hz for road traffic and 100 Hz for wind turbine; Fig. 2e-h) . Thus, the synthetic stimuli mimicked the central spectral component of the natural vibrations but lacked other secondary elements observed in the field recordings.
Playback tests followed the A-B-A protocol [81] [82] [83] . Each of the nine playback tracks containing a single treatment or stimulus lasted 2 min and was preceded and followed by a 2-min interval of no-stimulus to allow the animal to return to its baseline behavior. Thus, the total test duration was 38 min/animal. To standardize stimulus amplitudes, all were peak normalized. Moreover, each stimulus track was modified by applying a linear 'fade in' amplitude filter 38 from 0 to 100% over 2 min to expose the focal individuals to a monotonically increasing vibration throughout each playback presentation (Fig. 3 ).
Experimental procedures. Experiments were carried out during 13 days from sunset until dawn, when male toads were calling intensively. Prior to a playback experiment, a geophone and a microphone were placed at a distance of 20-30 cm from the focal animal, the tactile transducer was buried 5-10 cm below ground between 4-6 m away from the male, all lights were extinguished, and observers moved at least 6 m away from the focal animal, and remained motionless to allow the focal individual to resume calling (Fig. 4) .
Playback vibrations were generated using Audacity 2.0.2 software on a MacBook Air computer. The audio output from the computer was fed to an amplifier (Kenwood KAC-5205; frequency range: 5-50,000 Hz), connected to a tactile sound transducer (Clark Synthesis, Platinum model, frequency range 5-17,000 Hz). The output signal was calibrated by setting the audio output of the computer to a fixed level (−12 dB) and using the amplifier fixed level and bridged output. The vibrations generated by the tactile sound transducer using these settings were monitored with a geophone (Oyo-One, Oyo-Geospace). The output of the geophone was amplified by 60 dB and connected to the line input of the digital recorder (Sound Devices, model 744 T). At the beginning of the experiment www.nature.com/scientificreports www.nature.com/scientificreports/ set, a 1-s wind-turbine test stimulus was emitted and the distance of the tactile transducer was adjusted to ensure that animals were receiving signals of equal amplitude.
During the tests, the order of stimuli was randomized for each animal and air temperature and relative humidity were monitored every 15 min using an environmental outdoor data logger (HOBO 64 K Pendant ® Temperature/Alarm and HOBO Pro-V2, respectively). Since previous studies have documented call site fidelity in males of A. obstetricans 84 , we marked the location of each focal male and moved 2-15 m away along the lakeshore to prevent recording duplication.
All the equipment was tested in the field using pure tones from 10-300 Hz (generated with Audacity) and synthetic tone amplitudes were systematically equalized to compensate for differences in equipment properties.
Ethical and legal permits. Access and study permits were granted by the Somiedo Natural Park administration, Principado de Asturias, Spain.
Acoustic analyses. The primary acoustic parameters of the advertisement calls of each male were measured with Raven Pro v. 1.4 software: call rate ([number of calls -1]/min); call duration (s); and dominant frequency (Hz). Temporal parameters were measured from oscillograms, while spectral parameters were measured from spectrograms created using a Hann window, a window length of 512 points and 50% overlap. For these measurements, we randomly selected ten calls for each treatment for each toad.
To obtain a measure of the amount of vibratory power that triggered a behavioral response, we calculated the power (Matlab's bandpower.m; bandwidth: 0-500 Hz) in the geophone's signal over a two-second window immediately preceding the time at which the animal first changed its call rate in response to the stimulus. The background noise measured before the stimulus emission was subtracted from that value. In order to facilitate comparisons of the data obtained, the original values measured in Volt^2, were transformed to dB re. 1 (µm/s)^2.
The values corresponding to the behavioral thresholds measured are within the range of amplitudes of the vibrational stimuli used in this study. Therefore, the values are not directly comparable to traffic power values from studies of the effect of anthropogenic noise in airborne on animals 9 found in the literature. 85 ) were used to test the effect of traffic and wind turbine vibrations on calling activity of the focal individuals. First, a GLMM for each acoustic parameter (call rate, call duration, dominant frequency and power threshold) was set using Gaussian error structure and identity link function to search for the relationship between these parameters and the vibratory playback stimuli. In these models, type of stimuli was included as a fixed factor, air temperature as a covariate, and recording day, individual and track as random factors. In the case of power threshold, the data was log transformed. Second, to test whether call parameters varied between the silent periods before and after the exposition to stimuli, similar GLMMs were set using 1 min of no-stimulus prior to and following the playback experiment. In these models, period (pre-and post-test) was included as a fixed factor, air temperature as a covariate and recording day and individual as random factors. Additionally, the required random slopes (all except that of type of treatment within track, n = 5) were included in the models in order to keep type I error at the nominal level of 5% 86, 87 . The random structure of one model (power threshold) was simplified to achieve model convergence. Correlation parameters between random intercepts and random slope terms were also added when model convergence was not compromised. To reduce model complexity, interaction terms between fixed factors were excluded.
Statistical analyses. General linear mixed-effects models (GLMM
Model inference and the effect of individual predictors were established by full-null model comparisons 38 . Visual inspection of Q-Q plots and residuals plotted against fitted values revealed no obvious deviation from the canonical assumptions of normally distributed and homogenous model residuals. Colinearity issues were absent from the models according to the Variance Inflation Factor (VIF < 1.64, in all cases), estimated with the function vif of the R-package 88 with a standard linear model excluding random effects. Confidence intervals of model coefficients were computed through 1000 bootstrap iterations using the function bootMer of the R-package lme4 89 . GLMMs were fitted in R 90 using the functions lmer of the package lme4 89 . Statement. I hereby certify that all methods were carried out in accordance with relevant guidelines and regulations.
Data availability
The data used for the analysis is available for access ( Supplementary Table S1 ).
